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Abstract: Atomic force microscope (AFM) has been used incrementally over the last decade in 
cell biology. Beyond its usefulness in high resolution imaging, AFM also has unique capabili-
ties for probing the viscoelastic properties of living cells in culture and, even more, mapping 
the spatial distribution of cell mechanical properties, providing thus an indirect indicator of the 
structure and function of the underlying cytoskeleton and cell organelles. AFM measurements 
have boosted our understanding of cell mechanics in normal and diseased states and provide 
future potential in the study of disease pathophysiology and in the establishment of novel 
diagnostic and treatment options.
Keywords: atomic force microscopy, cell mechanics, cell elastography, cell force 
  spectroscopy
Introduction
Functional properties of the various types of cells, the basic building block of all liv-
ing organisms, have been studied extensively over the last decades and provided the 
driving force for the exceptional progress of cell biology and physiology. However, no 
analogous research on the cell mechanical properties in states of health and disease and 
their pathogenetic significance took place until recently. The mechanical properties of 
cells include stiffness, nonlinearity, anisotropy, and heterogeneity, as well as several 
functional aspects, including their relation with individual components of cytoskeleton 
and cell organelles, cell responsiveness to external mechanical stimulation as well as 
their remodeling and effects on extracellular matrix.1–4 Indeed, cell mechanical properties 
have been found to affect substantially several important factors of cell function, such 
as the shape, deformability, motility, division, and adhesion. Several methods, including 
magnetic twisting cytometry, laser-tracking microrheology, magnetic tweezers, the opti-
cal stretcher, and various cell indenters, have been used for the study of cell mechanical 
properties in adherent cells. Following its invention in 1986 as a high-resolution imag-
ing tool, atomic force microscope (AFM) has rapidly become a popular method for 
studying ligand–receptor and cell–cell interactions, typically with the use of AFM 
tip functionalization with proteins and receptors as well as the mechanical properties of 
living cells in culture.5–8 Alterations of cell mechanical properties have been reported 
recently in different diseases such as cancer, arthritis, and cardiovascular disease.9–12 
Furthermore, it is tempting to assume that pharmaceutical or genetic treatments might 
affect the mechanical properties of target cells in vitro. The purpose of this article is to 
provide a brief introduction to cell biomechanics and its relation to disease; to describe International Journal of Nanomedicine 2010:5 138
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the AFM experiment, including principles of operation and 
methods of data analysis; to review recent findings in the 
area of cell mechanics with AFM; and to identify the current 
limits of the technology and future developments that would 
enhance transfer to the basic and clinical sciences to aid in 
the identification of novel cell biomechanical markers that 
might lead to improved detection, diagnosis, and treatment 
of disease.
Fundamentals of atomic  
force microscopy
AFM is a method with unique advantages for the study of cell 
mechanics, as long as it provides high sensitivity (subnano-
newton), high spatial resolution (submicrometer), and the 
ability to be used for real-time measurements in a physiologic 
aqueous cell culture environment. Moreover, along with 
high-resolution scanning, AFM provides the ability to use 
nanoindentation of living cells, which allows direct correlation 
of local mechanical properties with underlying cytoskeletal 
structures,13,14 which has been further potentiated lately by 
the incorporation of AFM onto standard or confocal inverted 
fluorescence optical microscope.13,15,16 Unlike most other 
cell-imaging techniques, atomic force microscopy is based 
on a direct mechanical interaction between the probe and the 
sample. In this sense, AFM is inherently an elastography instru-
ment.17 Moreover, AFM can get information about surfaces 
in situ and in vitro, if not in vivo, in air, in water, buffers, and 
other ambient media: it can scan surfaces with up to nanometer 
(molecular) resolution and up to 0.01 nm vertical resolution; 
it provides true three-dimensional (3D) surface topographical 
information; it can scan with different forces, starting from 
virtually zero to large destructive forces, and detect up to 
single-molecule forces; and it allows measurement of various 
biophysical properties of materials, such as elasticity, adhesion, 
hardness, friction, etc. Minimum preparation of the samples 
is required before and during the experiment. Finally, another 
advantage of the method is that it is easily accessible and com-
mercially available to most investigators.
In principle, AFM is a relatively simple instrument with 
demonstrated resolution of fractions of a nanometer, more than 
1000 times better than the optical diffraction limit. Its function is 
based on laser tracking of the deflection of a microscopic-sized 
cantilever probe as its tip scans, indents, or otherwise interacts 
with the sample. AFM consists of a microscale rectangular 
or “V”-shaped cantilever, typically made of silicon or silicon 
nitride, with a sharp tip (probe) at its end, with a tip radius of 
curvature on the order of 50–100 nm. It is this tip that actually 
comes in contact with the cell, while the cantilever serves as 
a soft spring to measure the contact force. The tip dimension 
determines the spatial resolution of the instrument. Therefore, 
sharpened pyramids, etched silicon cones, carbon nanotubes, 
and other high-aspect ratio tips have been developed to scan 
samples with ultra-high resolution.18,19 However, such tips have 
been shown to penetrate the cell membrane and cause damage 
to living cells, whereas the standard pyramid tip apparently 
does not penetrate the cell membrane.20 Modified AFM probes 
with glass or polystyrene microsphere tips also have been used 
for some cellular applications to yield a more easily character-
ized tip geometry, though at the expense of decreased spatial 
  resolution.21,22 The physical and geometric properties of the 
cantilever determine its spring constant, k, which typically 
ranges from 0.01 N/m to 1.0 N/m for cell mechanics applica-
tions and which is used to convert the measured cantilever 
deflection, h, into a contact force, F = k × h. When the tip is 
brought into proximity of a sample surface, forces between the 
tip and the sample lead to a deflection of the cantilever. Typi-
cally, the deflection is measured using a laser spot reflected 
from the top surface of the cantilever into an array of photodi-
odes. AFM probes often are coated with a thin layer of gold to 
increase reflectivity, especially for cell mechanics applications 
in which the laser intensity may be attenuated by the phenol 
red present in standard cell culture medium. As long as the 
parameters used to construct the topographical image of the 
sample are the z-position of the probe at each x–y pixel loca-
tion, accuracy in the z-direction as well as in the x–y plane are 
critical in the optimal function of AFM, and this is achieved at 
a subnanometer level by ultrasensitive piezoelectric positioners 
used in the movement of the AFM probe. Although piezoelectric 
materials inherently are nonlinear and hysteretic, these effects 
can be overcome by software compensation (open-loop design) 
or direct strain-gauge monitoring (closed-loop design) to yield 
very precise positioning of the AFM tip. In contrast to the stan-
dard AFM configuration, where the sample is positioned relative 
to a stationary probe, for cell biology applications the entire 
AFM is placed on the stage of an inverted light microscope 
to allow simultaneous visualization, including fluorescence 
microscopy, of the cells,21 in a configuration where the AFM 
probe is moved relative to a stationary sample.
Although both primary forms of AFM imaging, ie, tap-
ping and contact mode, have been used in cell elastography, 
contact mode is easier and more convenient to use than 
tapping mode, as long as it is more conducive to switch-
ing back and forth between imaging and “force mode,” 
in which nanoindentation is used to obtain quantitative 
  stiffness measurements, while it can also give high-resolu-
tion images with cell viability sustained for several hours.23 International Journal of Nanomedicine 2010:5 139
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The indentation response depends on the spring constant 
of the probe, the geometry of the tip, and the mechanical 
  properties of the sample. One also can vary the rate of inden-
tation to study viscoelastic properties. Thus, by monitoring 
the z-position and deflection of the probe (the so-called “force 
curve”) (Figure 1A), one can obtain an indentation curve of 
indentation force versus depth (Figure 1B) that can be ana-
lyzed to extract the elastic material properties of the sample 
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Figure 1 The AFM cell indentation experiment. A) The force curve obtained by measurements of cantilever deflection versus z-position during advancement and retraction 
of the probe. This curve provides information about the viscoelastic properties of the cell. Once the raw force curve is obtained and the contact point (Z0) identified, cell 
mechanical properties are obtained from the analysis of the curve of indentation force (F = k × h) versus depth (D = (Z - Z0) - h) B).International Journal of Nanomedicine 2010:5 140
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as discussed below. Force mapping is a hybrid combination 
of imaging and force probing that involves making a series 
of in dentations in an array covering a region of interest on 
the sample and reconstructing an isoforce image from the 
z-position at which the probe reaches a preset constant deflec-
tion (ie, contact force).24 In such images, larger z-values are 
interpreted as softer regions of the sample because a greater 
motion of the probe would have been required to achieve the 
preset force. However, in samples such as living cells, such 
images are complicated by the highly variable topography of 
the cell, which also influences the z-position at which a given 
contact force is achieved. Therefore, it is more accurate to 
analyze the indentation data and create an image that directly 
represents the elastic properties obtained at each pixel loca-
tion. This is the method of AFM elastography. The retraction 
curve also contains useful information. Differences between 
the indentation and retraction curves reflect viscoelastic hys-
teresis of the sample. Upon retraction of the probe, the AFM 
tip may adhere to the sample and cause negative deflections 
of the probe. Such retraction events are the focus of experi-
ments on protein unfolding,25 receptor–ligand binding,26 and 
cell–cell adhesion.27
Cell mechanics
Knowledge of the relation of cell deformation (ie, 
strain) to internal forces and externally applied loads 
(ie, stress) acting on the cell is a sine qua non for the 
study of cell mechanics. As long as stiffness, defined 
as the slope of the force (F) -deformation (∆L) curve, 
depends on geometric characteristics, which vary at each 
sample and testing device used, it is far better to study the 
related normalized quantities stress (σ = F/A) and strain 
ε = (∆L/Lo), which are independent of size or geometry 
and rather reflect the underlying properties of the cell. 
The standard constitutive relation for solid materials is 
Hooke’s law, which states that stress is proportional to 
strain (σ = Eε), where E is the constant of proportionality 
called the Young’s modulus. Materials that follow Hooke’s 
law (eg, rubber, steel, bone) are called linear elastic. On the 
other hand, Newtonian fluids (eg, water, blood plasma) fol-
low another similar constitutive relation for fluid materials 
which states that stress is proportional to the rate of strain 
(σ = µdε/dt), where the constant of proportionality, µ, is 
called the viscosity. However, being viscoelastic materials 
and characterized by heterogeneity, anisotropy, a nonlinear 
stress–strain relationship and hysteresis between the load-
ing and unloading portions of the stress–strain curve, most 
soft biological tissues as well as individual cells are more 
complex than these simple idealized materials (Figure 2).28 
Within cells the aqueous gel nature of the cytoplasm,29,30 
heterogeneously distributed actin filaments, intermediate 
filaments, and microtubules,31 cell adhesiveness,32 or the 
presence of nucleus and other organelles33,34 are important 
factors that affect the mechanical properties of the cells. 
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Figure 2 A nonlinear stress–strain relation (solid line) characterizes most biological soft tissues, with a viscoelastic hysteresis between loading and unloading segments of the 
curve, as opposed to the linear stress–strain curve of an idealized elastic material which is characterized by the Young’s modulus obtained from the slope of the line.International Journal of Nanomedicine 2010:5 141
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It is clear, therefore, that the mechanical behavior of such 
tissues and cells is not defined adequately by Young’s 
modulus. Constitutive equations that combine elastic and 
viscous properties are required to mathematically model 
their stress–strain behavior. Consequently, reported mea-
surements of the Young’s modulus of cells must be inter-
preted with caution.
Since the earliest AFM studies of soft biological sam-
ples,35,36 the prevalent method of analyzing AFM indentation 
data has been application of the so-called “Hertz model” of 
contact between two elastic bodies.37 In particular, the equa-
tions relating force and depth for indentation with a cone and 
a sphere, respectively, are given by:
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where α is the semi-included angle of the cone tip, 
R is the sphere radius, and ν is thePoisson’s ratio that 
determines the amount of lateral expansion that accom-
panies axial compression (note that ν = 0.5 for water 
and other incompressible materials, and this value often 
is assumed for cells). As analysis based on the Hertz 
theory has been traditionally applied on thin films of 
gelatin, polyacrylamide, and similar materials, which 
actually satisfy several key assumptions of the theory 
(eg, thick films with homogeneous, isotropic, linear 
elastic material properties, axis symmetry; infinitesimal 
deformations; infinite sample thickness and dimensions; 
and a smooth sample surface), it is important to keep in 
mind that caution must be exercised when such theoreti-
cal solutions are applied to the more complex AFM–cell 
indentation problem, as long as it is not self-evident that 
these assumptions can be extrapolated to living cells.38–41 
Fidelity of the calculated elastic properties also requires 
accurate identification of the contact point,42 accurate 
calibration of the probe spring constant,43 and accurate 
representation of the detailed tip geometry,39,40 each of 
which can be challenging procedures. To address some 
of the practical and theoretical limitations of the Hertz 
theory, various alternative approaches for analyzing AFM 
indentation data have been developed.38–40,44,45 A detailed 
analysis of these approaches is beyond the scope of the 
present paper. The multitude of the analysis theories used 
in cell indentation reveals the fact that a satisfying and 
more exact data analysis theory is still required, but this 
does not reduce the value of ongoing AFM indentation 
tests for the study of cell mechanical properties.
AFM elastography studies
As emphasized above, beyond imaging the surface topog-
raphy, AFM is capable of mapping the elastic properties 
of living cells, which has yielded interesting insights 
into a number of physiologic cell processes. Several 
studies have used AFM over the last few years in the 
  measurement of various mechanical properties46,47 of 
various cell types, such as fibroblasts,44 endothelial,48,49 
vertebrate cells,50 etc, even between different regions 
within the same cell,51–53 and under various condi-
tions. To elucidate how cell mechanical properties are 
related to the structure and function of the underlying 
cytoskeleton, a number of studies have examined the 
effects of chemical treatments or genetic mutations that 
target specific cytoskeletal constituents. In general, apart 
from the fact that internal cell organelles contribute to 
the overall cell mechanics, the actin cytoskeleton has a 
dominant effect on cell stiffness measured with AFM.54–56 
Correlation of regional cell mechanics with underlying 
cytoskeletal components by combining AFM and fluo-
rescent microscopy with immunolabeling showed that 
actin and intermediate filaments make a major contribu-
tion to elastic properties, whereas microtubules make a 
negligible contribution to cell elastic properties. Clearly, 
cell mechanics is an important indicator of cytoskeletal 
structure and function.57 In particular, actin stress fibers 
are prominent linear structures comprised of actin and 
myosin58 that provide a contractile apparatus in many 
cultured nonmuscle cell types, as well as in vascular 
endothelial cells in some physiologic conditions.59,60 AFM 
force mapping studies show that these structures are very 
stiff compared to any other cellular component.4 Taken 
together with the growing data relating cell mechanical 
properties to cytoskeletal structure and substrate adhe-
sion, these studies underscore the tremendous potential 
for AFM elastography of living cells to provide novel 
biomechanical markers that will enhance the detection, 
diagnosis, and treatment of disease.
Of particular interest are the growing number of studies 
that demonstrate a close association between cell mechani-
cal properties and various disease conditions. For example, 
cultured myotubes from a dystrophin-deficient rat model 
of Duchenne muscular dystrophy were only one-fourth as International Journal of Nanomedicine 2010:5 142
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stiff as normal cells,61 and recent evidence suggests that 
some muscle types are protected from dystrophin defi-
ciency by upregulating specialized accessory proteins that 
act to preserve cell stiffness.62 In osteoarthritis, cartilage 
chondrocytes exhibit elevated viscoelastic moduli com-
pared to cells from normal tissue,34 which may underlie the 
dissimilar responses of these cells to external mechanical 
stimulation.63 Differences in mechanical properties between 
normal hepatocytes and hepatocellular carcinoma cells were 
restricted to the elastic moduli, while the viscous modulus 
was unaltered.64 On the other hand, pressure-overload ven-
tricular hypertrophy specifically increases viscous damp-
ing (without affecting elastic stiffness) in passive cardiac 
myocytes.11 Therefore, methods of elastographic mapping 
must be developed that are sensitive to changes in viscous 
as well as elastic properties of the cell. Erythrocytes from 
patients with sickle cell disease are stiffer and more vis-
cous than are normal red blood cells.12,65 These mechanical 
properties are restored to near-normal values in patients 
treated with hydroxyurea,12,66 which suggests that measure-
ments of cell mechanics also may be used to monitor the 
efficacy of therapeutic interventions. An area where AFM 
has been used rather extensively over the last several years 
is oncology. The reason why cancer cell mechanics measure-
ment is more tempting compared to other diseases is that 
oncogenically transformed cells differ from normal cells 
in terms of cell growth, morphology, cell–cell interaction, 
organization of cytoskeleton, and interactions with the 
extracellular matrix.67 Recently with the use of “sonocy-
tology”, a method invented by Dr James K Gimzewski’s 
group,68 which permits the detection by AFM of the vibra-
tions of the cell membrane and their procession as a regular 
sound signal amplified up to the level of audible sound, it 
was discovered that cancerous cells emit a slightly differ-
ent sound than healthy cells. More recently, in their ex vivo 
studies, Cross and colleagues69,70 measured the stiffness of 
live metastatic cancer cells taken from the body (pleural) 
fluids of patients with suspected lung, breast and pancreas 
cancer, reported that cell stiffness of metastatic cancer cells 
is more than 70% softer than the benign cells that line the 
body cavity, and concluded that nanomechanical analysis 
correlates well with immunohistochemical testing cur-
rently used for detecting cancer. Because cell mechanical 
properties are determined largely, though not solely, by the 
underlying cytoskeleton, any disease process that alters 
the composition, organization, kinetics, or crosslinking of 
the cytoskeleton is likely to be detectable using single-cell 
elastography. Data on the mechanical properties of different 
cell types are critically needed to establish methodological 
criteria and guidelines for comparing measured mechanical 
properties with a normal population, as is being done for 
clinical hemorheology.71,72 Thus, the development of tools 
for reliable and rapid characterization of cell mechanical 
properties is essential. Finally, there are great perspectives 
in the use of AFM to study morphological and functional 
properties of various microorganisms, leading to the 
so-called “nanomicrobiology”.73
Limitations of AFM elastography
All of its advantages notwithstanding, AFM still has a 
number of limitations. We have identified many limitations 
when applying the standard Hertz theory, and preliminary 
finite element models have motivated novel experiments 
and yielded alternative methods of analysis that promise 
to increase the information that can be obtained from 
AFM indentation tests.40 Finite element models also can 
accommodate challenging aspects of the AFM indentation 
problem such as nonaxisymmetry of the tip geometry, incli-
nation angle of the cantilever relative to the cell surface, 
the irregular topography of the cell, and the more complex 
cell mechanical properties, including nonlinearity, visco-
elasticity, anisotropy, heterogeneity, and even multiphasic 
material composition. Such computational methods also 
will be critical in evaluating alternative theoretical models 
of the cell, including discrete structurally based models of 
the cytoskeleton.74,75 Furthermore, other limitations inher-
ent to AFM technique itself are often impeding. In par-
ticular, accuracy of the cantilever spring constant, defined 
predominantly by variations in the thickness76 and stoichi-
ometry,77 has been one major limitation of using the AFM 
for quantitative measurements of mechanical properties, as 
long as it can result in spring-constant variability of nearly 
an order of magnitude between batch-produced wafers,78 a 
disadvantage necessitating individual calibration for appli-
cations such as cell elastography, in which accuracy of the 
contact force is critical. Beyond the fact that eventually all 
measurements are made on the nonflat surface of the cells, 
another source of error in estimating mechanical proper-
ties from indentation tests is the identification of the exact 
point of contact between the AFM tip and the sample. In 
indentation on soft samples the transition from pre-contact 
to post-contact is smooth and obscured by noise in the data, 
not allowing thereby the contact point to be detected as a 
discontinuity in the slope (first derivative) or a spike in 
the curvature (second derivative) of the raw force curve, 
as is the case in stiff samples.79 Another limitation of AFM International Journal of Nanomedicine 2010:5 143
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elastography is that typical experiments are time-consum-
ing and copious, so that a limited number of cells can be 
analyzed in one day. Another major challenge is to position 
automatically such irregular biological samples under the 
probe tip for consistent and rapid sequential testing and 
to avoid as much as possible the lateral drag of the cell 
by the tip. As AFM elastography evolves, the mechani-
cal tests become increasingly sophisticated, and data sets 
become increasingly large and complex, computational 
methods and imaging techniques will play a critical role 
in the analysis and visualization of cell mechanics data, 
but also for simulation purposes to better understand how 
forces at the cantilever tip are manifest as the raw force 
curve data.
Conclusions
Over the last decade, AFM rapidly has become one of the 
most widely used and versatile tools for studying living cells. 
In particular, AFM elastography, which uniquely incor-
porates the capability for mechanical measurements and 
imaging of cell topography, holds great promise in the field 
of cell biology. A growing body of evidence relating cell 
mechanical properties to cytoskeletal structure and substrate 
adhesion suggests that single-cell elastography may provide 
sensitive indicators of the presence of disease. However, 
a number of technical and practical hurdles remain in the 
way of obtaining accurate and meaningful cell mechanics 
measurements with sufficient throughput that they will be 
practical for reliably examining large populations of cells. 
Nevertheless, as one powerful method of questioning, the 
future holds tremendous potential for AFM elastography of 
living cells to provide novel biomechanical markers that will 
enhance the detection, diagnosis, and treatment of disease.
Disclosures
The authors report no conflicts of interest in this work.
References
  1.  Zhu C, Bao G, Wang N. Cell mechanics: mechanical response, 
cell adhesion, and molecular deformation. Annu Rev Biomed Eng. 
2000;2:189–226.
  2.  Elson EL. Cellular mechanics as an indicator of cytoskeletal structure 
and function. Annu Rev Biophys Chem. 1988;17:397–430.
  3.  Pourati J, Maniotis A, Spiegel D, et al. Is cytoskeletal tension a major 
determinant of cell deformability in adherent endothelial cells? Am J 
Physiol. 1998;247:C1283–C1289.
  4.  Rotsch C, Radmacher M. Drug-induced changes of cytoskeletal struc-
ture and mechanics in fibroblsts: an atomic force microscopy study. 
Biophys J. 2000;78:520–535.
  5.  Trickey WR, Vail TP, Guilak F. The role of the cytoskeleton in the 
viscoelastic properties of human articular chondrocytes. J Orthop Res. 
2004;22:131–139.
  6.  Heidelmann SR, Kaech S, Buxbaum RE, Matus A. Direct observations 
of the mechanical behaviours of the cytoskeleton in living fibroblasts. 
J Cell Biol. 1999;145:109–122.
  7.  Sato M, Nagayama K, Kataoka N, Sasaki M, Hane K. Local 
mechanical properties measured by atomic force microscopy for 
cultured bovine endothelial cells exposed to shear stress. J Biomech. 
2000;33:127–135.
  8.  Costa KD, Lee EJ, Holmes JW. Creating alignment and anisotropy in 
engineered heart tissue: role of boundary conditions in a model three-
dimensional culture system. Tissue Eng. 2003;9:567–577.
  9.  Lekka M, Laidler P, Gil D, Lekki J, Stachura Z, Hrynkiewicz AZ. 
Elasticity of normal and cancerous human bladder cells studied by 
scanning force microscopy. Eur Biophys J. 1999;28:312–316.
10.  Jones WR, Ting-Beall HP, Lee GM, Kelley SS, Hochmuth RM, 
Guilak F. Alterations in the Young’s modulus and volumetric properties 
of chondrocytes isolated from normal and osteoarthritic human cartilage. 
J Biomech. 1999;32:119–127.
  11.  Zile MR, Richardson K, Cowles MK, et al. Constitutive properties of 
adult mammalian cardiac muscle cells. Circulation. 1998;98:567–579.
12.  Brandão MM, Fontes A, Barjas-Castro ML, et al. Optical tweezers for 
measuring red blood cell elasticity: application to the study of drug 
response in sickle cell disease. Eur J Hematol. 2003;70:207–211.
13.  Rotsch C, Radmacher M. Drug-induced changes of cytoskeletal struc-
ture and mechanics in fibroblasts: an atomic force microscopy study. 
Biophys J. 2000;78:520–535.
14.  Hassan EA, Heinz WF, Antonik MD, et al. Relative microelastic 
mapping of living cells by atomic force microscopy. Biophys J. 
1998;74:1564–1578.
15.  Haga H, Sasaki S, Kawabata K, Ito E, Ushiki T, Sambongi T. Elastic-
ity mapping of living fibroblasts by AFM and immunofluorescence 
observation of the cytoskeleton. Ultramicroscopy. 2000;82:253–258.
16.  Horton MA, Charras G, Ballestrem C, Lehenkari P. Integration 
of atomic force and confocal microscopy. Single Mols. 2000;1: 
135–137.
17.  Costa KD. Single-cell elastography: probing for disease with atomic 
force microscope. Dis Markers. 2003–2004;19:139–154.
18.  Tortonese M. Cantilevers and tips for atomic force microscopy. IEEE 
Eng Med Biol Mag. 1997;16:28–33.
19.  Dai H, Hafner JH, Rinzler AG, Colbert DT, Smalley RE. Nanotubes 
as nanoprobes in scanning probe microscopy. Nature. 1996;384: 
147–150.
20.  Haydon PG, Lartius R, Parpura V , Marchese-Ragona SP. Membrane 
deformation of living glial cells using atomic force microscopy. 
J Microsc. 1996;182:114–120.
21.  Lehenkari PP, Charras GT, Nykanen A, Horton MA. Adapting 
atomic force microscopy for cell biology. Ultramicroscopy. 2000;82: 
289–295.
22.  Mahaffy RE, Shih CK, MacKintosh FC, Kas J. Scanning probe-based 
frequency-dependent microrheology of polymer gels and biological 
cells. Phys Rev Lett. 2000;85:880–883.
23.  Hoh JH, Schoenenberger CA. Surface morphology and mechanical 
properties of MDCK monolayers by atomic force microscopy. J Cell 
Sci. 1994;107:1105–1114.
24.  Radmacher M, Fritz M, Kacher CM, Cleveland JP, Hansma PK. Mea-
suring the viscoelastic properties of human platelets with the atomic 
force microscope. Biophys J. 1996;70:556–567.
25.  Reif M, Gautel M, Oesterhelt F, Fernandez JM, Gaub HE. Reversible 
unfolding of individual titin immunoglobulin domains by AFM. Science. 
1997;276:1109–1112.
26.  Yuan C, Chen A, Kolb P, Moy VT. Energy landscape of the streptavidin-
biotin complexes measured by atomic force microscopy. Biochemistry. 
2000;39:10219–10223.
27.  Benoit M, Gabriel D, Gerisch G, Gaub HE. Discrete interactions in cell 
adhesion measured by single-molecule force spectroscopy. Nature Cell 
Biol. 2000;2:313–317.
28.  Fung YC. Biomechanics: Mechanical properties of living tissues,   
2nd ed. New York, NY: Springer-Verlag; 1993.International Journal of Nanomedicine 2010:5 144
Kirmizis and Logothetidis Dovepress
submit your manuscript | www.dovepress.com
Dovepress 
  29.  Bagge U, Skalak R, Attefors R. Granulocyte rheology, experimental 
studies in an in vitro micro-flow system. Adv Microcirc. 1977;7:29–48.
30.  Evans E, Yeung A. Apparent viscosity and cortical tension of 
blood granulocytes determined by micropipet aspiration. Biophys J. 
1989;56:151–160.
31.  Wang N. Mechanical interactions among cytoskeletal filaments. 
Hypertension. 1998;32:162–165.
32.  Pourati J, Maniotis A, Spiegel D, et al. Is cytoskeletal tension a major 
determinant of cell deformability in adherent endothelial cells? Am J 
Physiol. 1998;247:C1283–C1289.
33.  Petersen NO, McConnaughey WB, Elson EL. Dependence of locally 
measured cellular deformability on position on the cell, temperature, 
and cytochalasin B. Proc Nat Acad Sci U S A. 1982;79:5327–5331.
34.  Guilak F. The deformation behaviour and viscoelastic properties of 
chondrocytes in articular cartilage. Biorheology. 2000;37:27–44.
35.  Weisenhorn AL, Khorsandi M, Kasas S, Gotzos V, Butt HJ. Defor-
mation and height anomaly of soft surfaces studied with an AFM. 
Nanotechnology. 1993;4:106–113.
36.  Radmacher M, Fritz M, Hansma PK. Imaging soft samples with the 
atomic force microscope: gelatin in water and propanol. Biophys J. 
1995;69:264–270.
37.  Hertz H, Über die Berührung fester elastischer Körper (On the contact 
of elastic solids). J Reine Angew Mathematik. 1881;92:156–171.
38.  McElfresh M, Baesu E, Balhorn R, Belak J, Allen MJ, Rudd RE. Com-
bining constitutive materials modelling with atomic force microscopy 
to understand the mechanical properties of living cells. Proc Natl Acad 
Sci U S A. 2002;99:6493–6497.
39.  Mathur AB, Collinsworth AM, Reichert WM, Kraus WE, Truskey GA. 
Endothelial, cardiac muscle and skeletal muscle exhibit different viscous 
and elastic properties as determined by atomic force microscopy.   
J Biomech. 2001;34:1545–1553.
40.  Costa KD, Yin FC. Analysis of indentation: implications for measuring 
mechanical properties with atomic force microscopy. J Biomech Eng. 
1999;121:462–471.
41.  Charras GT, Horton MA. Determination of cellular strains by combined 
atomic force microscopy and finite element modelling. Biophys J. 
2002;83:858–879.
42.  Dimitriadis EK, Horkay F, Maresca J, Kachar B, Chadwick RS. Deter-
mination of elastic moduli of thin layers of soft material using the atomic 
force microscope. Biophys J. 2002;82:2798–2810.
43.  Senden TJ, Ducker WA. Experimental determination of spring constants 
in atomic force microscopy. Langmuir. 1994;10:1003–1004.
44.  Rotsch C, Jacobson K, Radmacher M. Dimensional and mechanical 
dynamics of active and stable edges in motile fibroblasts investi-
gated by using atomic force microscopy. Proc Natl Acad Sci U S A. 
1999;96:921–926.
45.  Ricci D, Tedesco M, Grattarola M. Mechanical and morphological 
properties of living 3T6 cells probed via scanning force microscopy. 
Microsc Res Tech. 1997;36:165–171.
46.  Braet F, de Zanger R, Seynaeve C, Baekeland M, Wisse E. A compara-
tive atomic force microscopy study on living skin fibroblasts and liver 
endothelial cells. J Electron Microsc. 2001;50:283–290.
47.  Collinsworth AM, Zhang S, Kraus WE, Truskey GA. Apparent elastic 
modulus and hysteresis of skeletal muscle cells throughout differentia-
tion. Am J Physiol Cell Physiol. 2002;283:C1219–C1227.
48.  Kataoka N, Iwaki K, Hashimoto K, et al. Measurements of endothelial 
cell-to-cell and cell-to-substrate gaps and micromechanical properties of 
endothelial cells during monocyte adhesion. Proc Natl Acad Sci U S A. 
2002;99:15638–15643.
  49.  Sato M, Nagayama K, Kataoka N, Sasaki M, Hane K. Local mechanical 
properties measured by atomic force microscopy for cultured bovine 
endothelial cells exposed to shear stress. J Biomech. 2000;33:127–135.
50.  Dvorak JA, Nagao E. Kinetic analysis of the mitotic cycle of living verte-
brate cells by atomic force microscopy. Exp Cell Res. 1998;242:69–74.
  51.  Nagao E, Dvorak JA. Phase imaging by atomic force microscopy: 
analysis of living homoiothermic vertebrate cells. Biophys J. 
1999;76:3289–3297.
52.  Mathur AB, Truskey GA, Reichert WM. Atomic force and total internal 
reflection fluorescence microscopy for the study of force transmission 
in endothelial cells. Biophys J. 2000;78:1725–1735.
53.  Yamane Y, Shiga H, Haga H, Kawabata K, Abe K, Ito E. Quantitative 
analyses of topography and elasticity of living and fixed astrocytes.   
J Electron Microsc. 2000;49:463–471.
54.  Henderson E, Haydon PG, Sakaguchi DS. Actin filament dynamics 
in living glial cells imaged by atomic force microscopy. Science. 
1992;257:1944–1946.
55.  Rotsch C, Braet F, Wisse E, Radmacher M. AFM imaging and elas-
ticity measurements on living rat liver macrophages. Cell Biol Int. 
1997;21:685–696.
56.  Wu HW, Kuhn T, Moy VT. Mechanical properties of L929 cells mea-
sured by atomic force microscopy: effects of anticytoskeletal drugs and 
membrane crosslinking. Scanning. 1998;20:389–397.
57.  Elson EL. Cellular mechanics as an indicator of cytoskeletal struc-
ture and function. Annu Rev Biophys Biophys Chem. 1988;17: 
397–430.
58.  Langanger G, Moeremans M, Daneels G, Sobieszek A, De Brabander M, 
De Mey J. The molecular organization of myosin in stress fibers of 
cultured cells. J Cell Biol. 1986;102:200–209.
59.  Sipkema P, van der Linden PJW, Westerhof N, Yin FCP. Effect of cyclic 
axial stretch of rat arteries on endothelial cytoskeletal morphology and 
vascular reactivity. J Biomech. 2003;36:653–659.
60.  White GE, Fujiwara K. Expression and intracellular distribution of 
stress fibers in aortic endothelium. J Cell Biol. 1986;103:63–70.
61.  Pasternak C, Wong S, Elson EL. Mechanical function of dystrophin in 
muscle cells. J Cell Biol. 1995;128:355–361.
62.  Porter JD, Merriam AP, Khanna S, et al. Constitutive properties, not 
molecular adaptations, mediate extraocular muscle sparing in dystrophic 
mdx mice. FASEB J. 2003;17:893–895.
63.  Salter DM, Millward-Sadler SJ, Nuki G, Wright MO. Differential 
responses of chondrocytes from normal and osteoarthritic human 
articular cartilage to mechanical stimulation. Biorheology. 2002;39: 
94–108.
64.  Wu ZZ, Zhang G, Long M, Wang HB, Song GB, Cai SX. Comparison 
of the viscoelastic properties of normal hepatocytes and hepatocel-
lular carcinoma cells undercytoskeletal perturbation. Biorheology. 
2000;37:279–290.
65.  Nash GB, Johnson CS, Meiselman HJ. Mechanical properties of 
oxygenated red blood cells in sickle cell (HbSS) disease. Blood. 
1984;63:73–82.
66.  Ballas SK, Dover GJ, Charache S. Effect of hydroxyurea on the 
rheological properties of sickle erythrocytes in vivo. Am J Hematol. 
1989;32:104–111.
67.  Sokolov I. Atomic force microscopy in cancer cell research. In: 
Nalwa HN, Webster T, editors. Cancer Nanotechnology. Valencia, CA: 
American Scientific Publishers; 2007. p. 1–17.
68.  Pelling AE, Sehati S, Gralla EB, Valentine JS, Gimzewski JK. Local 
nanomechanical motion of the cell wall of Saccharomyces cerevisiae. 
Science. 2004;305:1147–1150.
69.  Cross SE, Jin YS, Rao J, Gimzewski JK. Nanomechanical analysis of 
cells from cancer patients. Nat Nanotech. 2007;2:780–783.
70.  Cross SE, Jin YS, Tondre J, Wong R, Rao J, Gimzewski JK. AFM-
based analysis of human metastatic cancer cells. Nanotechnology. 
2008;19:384003. doi: 10.1088/0957-4484/19/38/384003.
71.  Wautier JL, Schmid-Schonbein GW, Nash GB. Measurement of leuko-
cyte rheology in vascular disease: clinical rationale and methodology: 
International society of clinical hemorheology. Clin Hemorheol 
Microcirc. 1999;21:7–24.
72.  Dobbe JGG, Hardeman MR, Streekstra GJ, Strackee J, Ince C, 
Grimbergen CA. Analyzing red blood cell deformability distributions. 
Blood Cells Mol Dis. 2002;28:373–384.
73.  Dufrêne YF. Towards nanomicrobiology using atomic force micros-
copy. Nat Rev Microbiol. 2008;6:674–680.
74.  Ingber DE. Tensegrity: the architectural basis of cellular mechanotrans-
duction. Annu Rev Physiol. 1997;59:575–599.International Journal of Nanomedicine 2010:5
International Journal of Nanomedicine
Publish your work in this journal
Submit your manuscript here: http://www.dovepress.com/international-journal-of-nanomedicine-journal
The International Journal of Nanomedicine is an international, peer-
reviewed journal focusing on the application of nanotechnology 
in diagnostics, therapeutics, and drug delivery systems throughout 
the biomedical field. This journal is indexed on PubMed Central, 
MedLine, CAS, SciSearch®, Current Contents®/Clinical Medicine, 
Journal Citation Reports/Science Edition, EMBase, Scopus and the 
Elsevier Bibliographic databases. The manuscript management system 
is completely online and includes a very quick and fair peer-review 
system, which is all easy to use. Visit http://www.dovepress.com/ 
testimonials.php to read real quotes from published authors.
145
AFM probing in cell mechanics Dovepress
submit your manuscript | www.dovepress.com
Dovepress 
Dovepress
75.  Ohashi T, Ishii Y, Ishikawa Y, Matsumoto T, Sato M. Experimental 
and numerical analyses of local mechanical properties measured by 
atomic force microscopy for shear endothelial cells. Biomed Mater 
Eng. 2002;12:319–327.
76.  Weisenhorn AL, Maivald P, Butt HJ, Hansma PK. Measuring adhesion, 
attraction, and repulsion between surfaces in liquids with an atomic 
force microscope. Phys Rev B. 1992;45:11226–11232.
77.  Butt HJ, Siedle P, Seifert K, et al. Scan speed limit in atomic force 
microscopy. J Microsc. 1993;169:75–84.
78.  Cleveland JP, Manne S, Bocek D, Hansma PK. A nondestructive method 
for determining the spring constant of cantilevers for scanning force 
microscopy. Rev Sci Instrum. 1993;64:403–405.
79.  Radmacher M. Measuring the elastic properties of living cells by the 
atomic force microscope. Methods Cell Biol. 2002;68:67–90.